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The mammalian kidney, the metanephros, is formed by a
reciprocally inductive interaction between two precursor
tissues, the metanephric mesenchyme and the ureteric bud.
The ureteric bud induces the metanephric mesenchyme to
differentiate into the epithelia of glomeruli and renal tubules.
Multipotent renal progenitors that form colonies upon Wnt4
stimulation and strongly express Sall1 exist in the
metanephric mesenchyme; these cells can partially
reconstitute a three-dimensional structure in an organ
culture setting. Six2 maintains this mesenchymal progenitor
population by opposing Wnt4-mediated epithelialization.
Upon epithelial tube formation, Notch2 is required for the
differentiation of proximal nephron structures (podocyte and
proximal tubules). In addition, the induction methods of the
intermediate mesoderm, the precursor of the metanephric
mesenchyme, begin to be elucidated. If derivation of
metanephric mesenchyme becomes possible, we will be
closer to the generation and manipulation of multiple cell
lineages in the kidney.
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STRATEGY TOWARD KIDNEY RECONSTITUTION USING
PROGENITOR CELLS
Stem cells are defined by two criteria: self-renewal and
multipotency. Few reports in the kidney field have addressed
both of these criteria at a clonal level, so it is better to use the
term ‘progenitor’ rather than ‘stem cells.’ In this review, renal
progenitors in the embryonic kidney, not those in the adult
kidney, from the viewpoint of developmental biology and
stem/progenitor cell biology will be discussed. To generate
multiple cell lineages for kidney regeneration, the identifica-
tion of renal progenitors is a prerequisite. Furthermore, there
exist three obstacles to be overcome: (1) derivation of the
renal progenitors; (2) expansion of the renal progenitors; and
(3) control of lineage commitment of the renal progenitors
toward differentiated cell types. Recent studies are beginning
to elucidate the molecular bases of these processes and
will hopefully be able to get closer to the goal of kidney
regeneration.
METANEPHRIC MESENCHYME AS A PROGENITOR CELL
POPULATION
The mammalian kidney, the metanephros, is formed by a
reciprocally inductive interaction between two precursor
tissues, the metanephric mesenchyme and the ureteric bud.
Upon induction by the ureteric bud, the metanephric
mesenchyme differentiates into the epithelia of glomeruli
and renal tubules. Mesenchymal cells sequentially form
condensates, renal vesicles, comma (C)- and S-shaped bodies,
and terminal epithelia of glomeruli and renal tubules.
A previous report retrospectively suggested the presence of
multipotent cells in embryonic kidneys, demonstrating that
cells in several portions of the nephron were derived from
a single stem cell, using LacZ gene transduction with
a retrovirus into a single cell of the mesenchyme.1 However,
no one has isolated renal progenitor cells with multilineage
differentiation potential from the embryonic kidney or has
examined their differentiation mechanisms in a single cell
culture. There has been a lack of assay systems that
specifically identify renal progenitors, as in the cases of the
neurosphere method for neural stem cells and the colony
assay for hematopoietic progenitors.
RENAL PROGENITORS IN THE SALL1-HIGH POPULATION
Targeted disruption of Wnt4 results in kidney agenesis
and impairs mesenchymal-to-epithelial transition,2 and co-
culture of the mesenchyme with NIH3T3 cells expressing
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Wnt4 induces tubulogenesis in an organ culture,3 suggesting
both essential and sufficient roles of Wnt4 in the epithelial
differentiation of the metanephric mesenchyme. More
recently, Wnt9b expressed in the ureteric bud was shown to
function upstream of Wnt4.4 Thus, we attempted to set up an
assay using Wnt4, which could identify and characterize the
progenitor cells with multipotent differentiation potential
from uninduced metanephric mesenchyme. We previously
generated mice in which the green fluorescence protein
(GFP) gene was knocked into the locus of Sall1 (Sall1-GFP
mice), a zinc-finger nuclear factor that is expressed in the
metanephric mesenchyme and is essential for kidney
development.5,6 Sall1 is also expressed in the subventricular
zone of the central nervous system and progress zones of limb
buds, where neural and mesenchymal stem cells reside,
respectively, leading to speculation that Sall1 might have
some association with stem/progenitor cells in several organs,
including the kidney. When we plated dissociated mesen-
chymal cells at a low density in serum-free conditions onto
NIH3T3 cells stably expressing Wnt4, a single cell formed
colonies consisting of several types of epithelial cells that exist
in glomeruli and renal tubules.7 This indicates that the single
cell plated initially may be a multipotent renal progenitor,
which differentiates into glomerular podocytes and the
epithelial cells of renal tubules. We also found that only cells
strongly expressing Sall1, isolated from Sall1-GFP mice,
formed colonies and that they partially reconstituted a three-
dimensional kidney structure, which contains glomeruli- and
tubule-like components in an organ culture setting (Figure 1).
Thus, multipotent renal progenitors of epithelial cells do exist
and they reside in the Sall1-high population of the
mesenchyme. The Sall-GFP high fraction constitutes
20–30% of the mesenchymal cells during embryonic devel-
opment and is distinct from stromal cells and hemangio-
blasts, as assessed by gene expression patterns. We next
generated colonies from Sall1-deficient mice to address the
role of Sall1 in the renal progenitors. The numbers of
colonies formed were not significantly different among wild-
type, heterozygous, and homozygous mesenchyme, suggest-
ing that colony-forming progenitors do exist in the absence
of Sall1. Sall1-null colonies were positive for E-cadherin and
marker genes for terminally differentiated epithelia, suggest-
ing that differentiation (including mesenchymal-to-epithelial
transformation) may not be impaired in the absence of Sall1.
By contrast, the size of Sall1-deficient colonies was sig-
nificantly smaller than that of heterozygous or wild-type
colonies. Thus, Sall1 is not required for the generation or
differentiation of renal progenitors, but it may be required
for the proliferation/survival of the kidney progenitors. As
Sall4, another member of the Sall family of genes, is essential
for proliferation of embryonic stem (ES) cells, the Sall family
may have a common role of stem cell/progenitor prolifera-
tion.8 Thus, our colony-forming assay, which identifies
multipotent progenitors of epithelial cells in the embryonic
mouse kidney, can be used to examine molecular mecha-
nisms functioning in kidney development. Moreover, the
colony assay will possibly be useful for the identification of
renal progenitors induced from a variety of cell sources, such
as ES cells.
IDENTIFICATION OF GENES EXPRESSED IN PROGENITORS BY
MICROARRAY ANALYSIS
In the embryonic kidney, Sall1 is expressed abundantly in
mesenchyme-derived structures from undifferentiated me-
senchyme, comma-, S-shaped bodies, and renal tubules. We
isolated the GFP-positive population from embryonic
kidneys of Sall1-GFP mice by fluorescein-activated cell
sorting (FACS) and compared the gene expression profiles
of GFP-positive (mesenchyme) and GFP-negative (ureteric
bud) populations using microarray analysis, followed by
in situ hybridization.6 We detected many genes known to be
important for metanephros development, including Sall1,
GDNF, and Six2 (which will be discussed later), and genes
expressed abundantly in the metanephric mesenchyme, such
as Unc4.1 and Osr2. Therefore, the combination of micro-
array technology and Sall1-GFP mice is useful for the
systematic identification of genes expressed in the developing
kidney.
Identification of surface markers expressed in the
mesenchymal progenitor population is useful, as it is possible
to isolate progenitors from mice that have not been
genetically manipulated, and potentially also from humans.
Challen et al.9 performed microarray analysis using undifferen-
tiated mesenchyme and found that CD24 and cadherin-11 are
preferentially expressed in the mesenchyme. Therefore, these
may prove useful in the purification of mesenchymal
progenitors by FACS.
MAINTENANCE OF PROGENITORS BY Six2
The Six homeobox genes are characterized by conserved Six
domains and a homeodomain, both of which are required for
specific DNA binding. The prototype of this gene family is
Drosophila sine oculis, which is essential for compound eye
formation. Six members (Six1–Six6) of the Six gene family
have been identified in mice and humans. Among these, Six2
is expressed in the undifferentiated mesenchyme that caps the
ureteric bud, and its expression pattern is reciprocal to that of
Wnt4, which is expressed near the ureteric stalk. Wnt4 and
the Wnt agonist sFRP2 are upregulated in the cap portion of
the mesenchyme in Six2-deficient mice, and ectopic tubulo-
genesis is observed.10 In addition, overexpression of Six2 in
mesenchymal cells prevents their epithelial differentiation in
an organ culture assay. These results suggest that Six2 is
required to maintain the mesenchymal progenitor popula-
tion by opposing Wnt4-mediated epithelialization. As Six2 is
expressed in Sall1-high mesenchymal cells, as described in the
previous section, the Sall1-high and Six2-positive mesench-
yme may be a progenitor population in the kidney, and Six2
might maintain the mesenchyme in an undifferentiated state
(Figure 2). It would be interesting to test whether sustained
expression of Six2 maintains the progenitors in our colony
assay and also in vivo.
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TRANSITION FROM THE PROGENITOR TO TUBULES BY WNT
SIGNALING
As described above, Wnt9b and Wnt4 are essential for the
epithelial transformation of the mesenchymal progenitor into
renal tubules. Wnt9b is secreted from the ureteric bud, and
consequently Wnt4 is induced in the mesenchyme where it
functions in an autocrine manner on the mesenchyme itself.
Downstream of Wnts, b-catenin is likely to play an important
role. Removal of b-catenin from Six2-positive progenitors
blocks the epithelial conversion of the mesenchyme.11 By
contrast, activation of b-catenin in the same cell population
partially replaces the requirement for Wnt9b and Wnt4.
However, complete epithelial conversion of mesenchymal
progenitors does not occur by b-catenin activation, suggest-
ing that further modulation of canonical signaling will be
required for the complete progression of tubulogenesis.
Microarray analysis of cultured rat mesenchyme also
shows that b-catenin-dependent signaling is activated and
directly regulates cyclin D1, Pax8, and Emx2.12 b-Catenin
activation leads to the survival and proliferation of epithelial
progenitors, but not epithelial conversion, suggesting again
that additional pathways downstream of Wnt signaling may
cooperate with b-catenin. Indeed Rac- and c-Jun N-terminal
kinase-dependent planar cell polarity pathways downstream
of Wnt4 positively regulate the size of the colonies formed
from the mesenchyme.7 Nonetheless, these results enforce the
importance of Wnt signaling in the epithelial conversion of
the mesenchyme.
NEPHRON SPECIFICATION BY NOTCH2
The mesenchyme differentiates into epithelia after Wnt
stimulation, but a fate decision is required for further
differentiation toward glomerular podocytes and proximal or
distal renal tubules. Notch2 is required for the differentiation
of proximal nephron structures (podocyte and proximal
tubules), as mesenchyme-specific Notch2 deletion leads to
impaired formation of these proximal structures.13 Although
proximodistal polarity is initiated in the absence of Notch2,
the latter is essential for the final establishment of proximal
fates. It remains to be solved whether Notch2 functions
through lateral inhibition or other mechanisms, but elucida-
tion of this process could lead to the cell fate manipulation of
kidney progenitors, which should be a useful technology for
kidney regeneration: stimulation of progenitors in the
mesenchyme by Wnts followed by Notch2 ligand may result
in the generation of the necessary lineages in patients
(Figure 2). Interestingly, Notch1 cannot compensate for
Notch2 deficiency, although Notch1 activity is present in the
kidney and increasing its activity enhances the formation of
proximal tubules at the expense of podocytes and distal
nephrons.
Of course, there are likely to be many more genes involved
in lineage commitment and the differentiation of the many
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Figure 1 | Metanephric mesenchymal progenitors. (a) In vitro colony formation from the metanephric mesenchyme on feeder cells
expressing Wnt4. (b) Only Sall1-GFPhigh cells (upper panels) differentiated into kidney structures in organ culture, whereas Sall1-GFPlow cells
(lower) disappeared. (c) Hematoxylin–eosin staining of sections of Sall1-GFPhigh aggregates at day 10. Tubule- (t) and glomerulus-like structures
(g) are seen. Bars: (a) 50, (b) 500, (c) 25mm.
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Figure 2 | Kidney development in view of stem cell biology. See
the text for details. MET, mesenchymal-to-epithelial transition.
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types of cells that are intermingled in the kidney. It will be
important to mark and sort a certain progenitor domain
using a fluorescent dye inserted by genetic manipulation and
to examine the cell fate and gene expression profiles of cells in
this domain. Indeed, this type of analysis is being developed,
for example, by the GenitoUrinary Development Molecular
Anatomy Project (GUDMAP) (http://www.gudmap.org/).14
THE ORIGIN OF ENDOTHELIAL CELLS
Once podocytes are formed, they secrete vascular endothelial
growth factor (VEGF) and attract hemangioblasts, which
differentiate into glomerular endothelial cells and their
pericytes, namely, mesangial cells, thus forming vascularized
glomeruli.15 Although classical interspecies grafting experi-
ments suggest that the vasculature is of host origin, vascular
endothelial progenitors could be present in the metanephric
mesenchyme, because hypoxia or VEGF treatment induces
vascular formation inside the mesenchyme in an organ
culture setting.16 It has also been reported that vascular
endothelial cells are detected when dissociated mesenchymal
cells are cultured.17 However, this does not necessarily imply
the existence of a single multipotent progenitor that
differentiates into renal epithelial and vascular endothelial
cells, because vascular progenitors in the heterogeneous
mesenchyme may be selectively expanded. Indeed VEGF
receptor (Flk1)-positive endothelial precursors are already
separated from, and surround, the mesenchyme at the stage
when the interaction between the mesenchyme and the
ureteric bud starts (embryonic day 11.5).18 Consistent with
this observation, Sall-negative, but not Sall1-high, mesenchy-
mal cells express endothelial markers, including Flk1 and
VE-cadherin. Thus, at least Sall1-high progenitors are
distinct from endothelial cell precursors.7 Careful clonal
analysis is needed to address the origin of endothelial cells in
the developing kidney.
THE ORIGIN OF STROMAL CELLS
Stromal cells reside in the outermost layer of the kidney
cortex and surround the metanephric mesenchyme. Retinoic
acid signaling in this stromal cell population leads to
increased expression of Ret (the glial cell line-derived
neurotrophic factor (GDNF) receptor) in the ureteric bud
and subsequently regulates ureteric bud branching.19 The
origin of the stroma, however, remains unknown. At least at
embryonic day 11.5, only Sall1-GFPlow cells express a marker
of stroma (Foxd1, also known as BF2), and no colonies were
formed from this population upon Wnt4 stimulation,
suggesting that the stroma may not be derived from the
progenitors of renal epithelial cells.7 Thus, the developing
mesenchyme could contain vascular and stromal progenitors
in addition to the Sall1-high epithelial progenitors that
differentiate into glomerular podocytes and renal tubules.
DERIVATION OF RENAL PROGENITORS FROM ES CELLS
Now that we know that the metanephric mesenchyme
contains epithelial progenitors and how they differentiate
into renal epithelial cells, how can we generate the
mesenchyme itself? Clues to this come from developmental
biology. The kidney develops in three stages: pronephros,
mesonephros, and metanephros. The nephric duct (Wolffian
duct) and nephrogenic mesenchyme develop from the
intermediate mesoderm, which is located between the lateral
and preaxial mesoderm. The Wolffian duct and nephrogenic
mesenchyme elongate caudally toward the cloaca, and the
Wolffian duct converts the adjacent mesenchyme into
mesonephric tubules. Metanephric mesenchyme is formed
at the caudal-most region of the nephrogenic mesenchyme.
Therefore, the progenitor population in the metanephric
mesenchyme could be derived from the intermediate
mesenchyme, although it remains to be determined whether
metanephric mesenchyme is a direct derivative of nephro-
genic mesenchyme in pro/mesonephros or a distinct
population recruited from the surrounding tissue.
The transcription factors Pax2 and Pax8 control the initial
differentiation from intermediate mesoderm to Wolffian
duct; thus, mutant mice lacking both of these genes lack
pronephros formation.20 Osr1 is the earliest marker expressed
in the undifferentiated intermediate mesenchyme. Once
Wolffian ducts are formed, Osr1 expression disappears,
whereas Pax2 remains to be expressed in the Wolffian ducts.
Although Osr1-deficient mice show milder pro/mesonephric
phenotypes than Pax2/Pax8-null mice, possibly due to
genetic redundancy with other Osr gene family members,
Osr1-null mice show an absence of metanephric mesen-
chyme, placing Osr1 upstream within the metanephric
gene cascade.21 Interestingly, Osr1 is also expressed in the
undifferentiated metanephric mesenchyme, and this gene
could serve as a metanephric progenitor marker, such as Six2.
So, will it be possible to induce the formation of
intermediate mesenchyme and nephrogenic mesenchyme of
pro/mesonephros from a variety of cell sources, such as
embryonic stem (ES) cells, and to direct them toward
becoming metanephric mesenchymal progenitors? In frogs,
treatment of the animal cap, a presumptive ectoderm of
fertilized embryo, with activin and retinoic acid, efficiently
and selectively induces pronephric tubules in vitro.22 Indeed,
Sall1 was cloned using this assay. Kim and Dressler23 reported
that embryoid bodies generated from ES cells treated with
activin, retinoic acid, and Bmp7 express several markers,
including Pax2 and Six2. When they cultured embryoid
bodies with the spinal cord, a potent source of Wnt ligands,
they formed a tubule-like structure. This is an interes-
ting observation, but it remains to be determined whether
these cells are metanephric mesenchyme or earlier stages of
the kidney (pronephros/intermediate mesoderm), as in the
case of the frog. Purification of a candidate cell population
and a reliable functional assay are needed to verify this aspect.
Nonetheless, these data suggest a mechanism of kidney
progenitor formation that is conserved among species.
If derivation methods of metanephric mesenchyme are
established, we will be closer to the generation and
manipulation of multiple cell lineages in the kidney.
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